. During continued culture over many generations in FR light, we observed increases in growth rate and in the Chl/PC ratio, usually occurring in a concomitant and stepwise fashion. From such cultures, we were able to establish clones which differed from the parent in pigment composition. We have described six clones, which are presumed to be spontaneous mutants selected under the photosynthetically restrictive condition of FR illumination (13). As compared to the parent, all mutants showed better performance (growth) under FR light for which Chl is the principal absorber but poorer perform-
For functional studies of photosynthetic pigments, we have used the cyanobacterium (cyanophyte) Anacystis nidulans. A useful feature of the organism is that its pigment composition can be manipulated to obtain wide variations. Pigment mutants were obtained by nitrosoguanidine treatment which had either lowered Chl or lowered PC3 content (20, 23) . Unfortunately, these proved to be unstable and all have been lost. Pigment variation also is obtained in FR light (> 650 nm) in which A. nidulans grows poorly and develops a low Chl content (8, 12) . During continued culture over many generations in FR light, we observed increases in growth rate and in the Chl/PC ratio, usually occurring in a concomitant and stepwise fashion. From such cultures, we were able to establish clones which differed from the parent in pigment composition. We have described six clones, which are presumed to be spontaneous mutants selected under the photosynthetically restrictive condition of FR illumination (13) . As compared to the parent, all mutants showed better performance (growth) under FR light for which Chl is the principal absorber but poorer perform-'This work was supported by Grant GM 11300 from the United States National Institutes of Health.
2 To our friend, Bessel Kok, whose genius left an impact upon our discipline which was remarkable in that it was both conceptual and experimental. 3 Abbreviations: PC, phycocyanin; FR, far red; HBW, half-band width.
ance under gold fluorescent light for which PC is the principal absorber.
For the report presented here, we have used the parent and six mutants grown both in gold fluorescent and in FR light to provide a wide range of comparative material. To this material, we apply a functional analysis of pigments based upon three kinds of measurements: (a) cellular concentrations of Chl and PC, (b) cellular concentrations of reaction centers for photoreactions I and II, and (c) action spectra for photoreactions I and II.
MATERIALS AND METHODS Cell Material. A. nidulans, strain Tx2O of our laboratory, is considered identical to Synechococcus sp. PCC6301, ATCC27144 (18) . Six putative mutants of Tx2O, cloned from selection cultures grown for many generations in FR light, have been described (13) . Cells for study were grown in test-tube cultures at 39 C in a modified medium D under 1% CO2 in air and harvested during exponential growth (12) . Illumination for growth was provided by two sources: (a) GE gold fluorescent lamps described as having about 500 to 750 nm total bandwidth with a HBW of about 80 nm centered at 590 nm or (b) tungsten-halogen lamps with Corning No. 2030 filters to give a FR > 650 nm. The ratio of probabilities of absorption (PC/Chl) is about 3.5 for gold and about 0.06 for FR. Intensities of the two sources gave about equal growth rates for Tx2O. We emphasize that, for purposes at hand, FR has the special meaning that it does not contain significant energy below 650 nm. For example, even light obtained via an interference filter of 10 nm pass band centered at 650 nm will not significantly distort the pigmentation of Tx2O (12) . Pigment Concentrations. Pigment contents referred to cell volumes were obtained from the following measurements. Cell volume was determined by centrifuging an aliquot of cell suspension at 2,500g for 1 h in tubes with lower section of 1 mm bore capillary. Chl was extracted in cold 80% acetone and estimated spectrophotometrically using an absorption coefficient of 82.0 (g/ I1)-cm-' at 663 nm. Whole cell spectra were obtained with a Cary 14 spectrophotometer using 3-mm light-scattering plates of translucent Plexiglas (Rohm & Haas 7328) inserted in 10-mm cuvettes. A so obtained were corrected by subtraction of residual A at 720 nm. We did not apply any further correction for particle flattening which, because of the small cell size, would not have been greater than 1.08 at peak wavelengths (17) . PC and Chl were calculated from corrected A at 625 and 678 nm by the simultaneous equations (12) In a first series of measurements, the light beam from a monochromator (M1) was chopped at 53 Hz and used to obtain a conventional action spectrum. An absorption spectrum was obtained, using a shallow chamber to mimic the 2 to 5 ,um cell layer used on the electrode. The absorption and action spectra allowed calculation of a spectrum for relative quantum yield (cf. Fig. 1 ).
The maximum for the quantum yield spectrum was taken as the neutral wavelength, the wavelength at which the two photoreactions have equal actions (22) .
In a second series of measurements, the same cell preparation on the electrode was illuminated by actinic beams from two monochromators, Ml Table  I .
Action Spectra. Figure 1 shows spectra for relative quantum yield (4 Also shown in Figure 1 are spectra for a' which are obtained from the spectra of Figure 2 as action II/actions (I + II). We have defined a' as the fraction of total electrons transferred by both photoreactions which would be transferred by photoreaction II under the hypothetical condition that all centers are open (22) .
Under actual conditions, we do not expect to find any wavelength at which all reaction centers are open (7) . However, we argue that there is likely to be some wavelength at which there are equal fractions of open reaction centers for each photoreaction (a' = 0.5). Quantum yield 4 will be maximum at this neutral wavelength and 4 will become less than maximum as a' departs from 0.5.
For the parent Tx2O grown in gold, 4 is relatively flat over the 600-to 650-nm region where a' remains close to 0.5. However, when grown in FR, Tx2O develops a characteristic low-Chl syndrome. The effect is seen in Figure 1 parent to use of FR and are generally less well adapted to use of gold light. Reaction Centers. Estimates for concentrations of reaction centers RC1 and RC2 and of pigments PC and Chl were made together on aliquots of a harvested sample. Values cited are averages of data obtained on at least two independent cell samples which usually differed by less than 10%. Although reaction centers usually are counted in terms of Chl, we have chosen to express both reaction centers and pigments in terms of cell volume, i.e. as concentrations.
The ratio of reaction centers (RC 1/RC2) for all seven clones grown in gold light varies around an average of 2.1. We have observed much the same range of values in various laboratory cultures of Tx2O grown under tungsten or fluorescent lights. For the seven clones grown in FR light, the RC1/RC2 ratio decreases and shows small variance around an average 1.1.
Pigment Concentrations. Concentrations derived from cell spectra are clouded by known optical errors of a scattering system. Further, the data were obtained via simultaneous equations which assume that PC and a single Chl are the only absorbing components. Hence we expected some systematic errors, especially in PC for clones 19Y, 69Y, and 85Y in which a presumed allophycocyanin component became evident. In these we examined the problem further in terms of the phycobilin spectra left after exhaustive extraction (two to four times) in 80% acetone at 0 C. We found that, in clones 19Y, 69Y, and 85Y, allophycocyanin is the dominant phycobilin. Figure 3 shows spectra for extracted cells of 85Y and Tx2O. The A625/A650 ratio for the phycobilin of 85Y is 0.73, not far from the value for pure allophycocyanin (1). Estimates of PC for 19Y, 69Y, and 85Y in Table I are shown in parentheses because they obviously are in error.
Chl concentrations used in subsequent calculations were obtained by acetone extraction and are our most precise estimates. However, we also estimated Chl from whole cell spectra, using the simultaneous equations and an absorption coefficient derived from a previous comparison of cell spectra with extracts (12) . Hence, agreement in absolute values (Table I) is expected and trivial. We made the comparison only to see if systematic errors would appear for the three clones with evident allophycocyanin. There were no evident systematic deviations. We take agreement in the two sets of data as sufficient validation of our analysis for Chl from cell absorption spectra which we shall apply also to the action spectra.
Our estimates for pigment concentrations (and also reaction centers) in Tx2O are close to those obtained in a previous study (12 Distribution of Pigments. The distribution of pigments between photoreactions I and II has been calculated from actions at 625 and 678 nm and via the same simultaneous equations used for absorption. For example, of the total Chl of Tx2O grown in gold, 86% is assigned to I and 14% to II. The formal meaning of this assignment is that, for a quantum absorbed by Chl and delivered to a reaction center as an excitation, the probability of delivery to RC1 is 0.86 and the probability of delivery to RC2 is 0.14. Our estimates for Chl distribution will be in error if the averaged absorption coefficients for the several Chl I species is different from that for the several Chl II species. However, such an error should be consistent in that it will affect the absolute, but not the relative, values estimated for Chl distribution.
For the seven clones treated as a group and compared for cells grown in gold and in FR, there is no significant change in distribution of PC. However, we draw no conclusions about PC because of uncertainties in analysis noted above. For Chl, there is a significantly greater distribution to photoreaction II in cells grown in FR. Further, the distribution of Chl to II in FR is greater by a factor of 1.6, about the same as the factor (1.5) for the greater fraction of reaction centers for II. This relationship is considered explicitly below.
Pigments/Reaction Centers. We relate pigments to reaction centers in two ways (Table I) . First, we count reaction centers in terms of total amounts of light-harvesting pigments Chl or PC. Our estimates of total Chl/RCI and total Chl/RC2 for all seven clones grown in gold fall within the range of values previously reported for A. nidulans (9, 16) . However, there are significant shifts in these ratios for cells grown in FR. Values of the PC/RC2 ratio are cited to make evident that this parameter is not at all constant, even if clones 19Y, 69Y, and 85Y are neglected.
We also use the per cent distribution of Chl obtained from action spectra to estimate values for Chl I/RC 1 and Chl II/RC2. These values turn out to be remarkably constant, a finding which we consider our most significant result: Chl I/RC1 = 118 ± 11 (SD) and Chl II/RC2 = 52 ± 9.
DISCUSSION
Our selection process for mutants with improved performance in FR light was not exhaustive. Advantageous alterations contributing very small increases in growth rate might not have been selected out in our time frame of less than 600 generations. Nor have we exhaustively characterized all the qualities which did provide the mutants with up to a 2-fold increase in growth rate under FR. However, our exploration does provide a discrimination: in A. nidulans, some features of the photosynthetic apparatus are readily varied, whereas other features are relatively invariant or conserved.
We select three of our results for further discussion.
First, there is the ratio of reaction centers RCI/RC2, often assumed to be about I in chloroplasts and shown to be consistently >I in several cyanophytes (9) . Values of 1.5 to 24 have been reported for A. nidulans (9) . As noted in Table I A further simplification emerges if there is associated with each reaction center only that fraction of the Chl assigned by the corresponding action spectrum. This procedure gives the ratios Chl I/RC I and Chl II/RC2 cited in the last two columns of Table  I . The obvious result is that each of the ratios is sensibly constant for all clones grown in both gold and FR light. From all values, the Chl I/RCI is 118 ± 11 and the Chl II/RC2 is 52 ± 9. We consider these ratios remarkably constant in view of the fact that they are obtained from a range of cell material which varied 2-fold or more in Chl and reaction center concentrations, in Chl/ PC ratios, and in RCI/RC2 ratios. Estimates of Mimuro and Fujita (10) for similar values in Anabaena variabilis, using different methods, were Chl I/RC1 = 130 and Chl II/RC2 = 20. Because of known sources of difficulty in our analytical data, we cannot ascribe to our derived Chl I/RC 1 and Chl II/RC2 ratios accuracies as great as is implied by the standard deviations for random variation. However, we cannot think of any consistent error which would give an erroneous appearance of constancy in either ratio. As features, alteration of which might provide selective advantage in FR light, the Chl I/RC1 and Chl II/RC2 ratios are relatively invariant.
Simply because we find no other explanation, we take the constant values of Chl I/RC1 and Chl II/RC2 as evidence that such reaction center is actually linked to a stoichiometric number of Chl. Hence, we propose the following hypothesis: the thylakoid membranes ofA. nidulans contain two Chl-bearing proteins, a Chl I protein-bearing RC1 and Chl I in a fixed ratio, such as 1/120, and a Chl II protein bearing RC2 and Chl II in a fixed ratio, such as 1/50.
Our hypothesis is neither supported by nor inconsistent with the literature on Chl-protein complexes of cyanophyte thylakoids.
The P700-Chl a-protein with a ratio of 40 Chl/P700, described as the "heart of photosystem I," was obtained in a deliberate attempt to isolate a particle stripped down toward the guts of a reaction center (21) . A "third Chl a protein" was proposed as an auxiliary light-harvesting Chl I component (21) . Our proposal is merely that, if there are such distinguishable components in vivo, they occur in a ratio stoichiometric to P700. One of the early isolates of membrane particles from a cyanophyte was a "photosystem I fragment," isolated under mild conditions of low Triton concentration and accounting for 80% of the Chl at an estimated ratio 100 Chl/P700 (15) . Two more recent reports on Chl proteins from cyanophytes support our notion that there are only two in vivo components (14, 19) .
In a more speculative sense, we now consider the question: why is it that none of the mutants developed effective light-harvesting by Chl 
